Axonal degeneration contributes to permanent neurological disability in inherited and acquired diseases of myelin. Mitochondrial dysfunction has been proposed as a major contributor to this axonal degeneration. It remains to be determined, however, if myelination, demyelination, or remyelination alter the size and distribution of axonal mitochondrial stationary sites or the rates of axonal mitochondrial transport. Using live myelinated rat dorsal root ganglion (DRG) cultures, we investigated whether myelination and lysolecithininduced demyelination affect axonal mitochondria. Myelination increased the size of axonal stationary mitochondrial sites by 2.3-fold. After demyelination, the size of axonal stationary mitochondrial sites was increased by an additional 2.2-fold and the transport velocity of motile mitochondria was increased by 47%. These measures returned to the levels of myelinated axons after remyelination. Demyelination induced activating transcription factor 3 (ATF3) in DRG neurons. Knockdown of neuronal ATF3 by short hairpin RNA abolished the demyelination-induced increase in axonal mitochondrial transport and increased nitrotyrosine immunoreactivity in axonal mitochondria, suggesting that neuronal ATF3 expression and increased mitochondrial transport protect demyelinated axons from oxidative damage. In response to insufficient ATP production, demyelinated axons increase the size of stationary mitochondrial sites and thereby balance ATP production with the increased energy needs of nerve conduction.
Introduction
Neurons are a diverse population of cells that usually extend several short dendrites and a single axon that can be a meter or more in length. Long axons pose challenges to neurons. A constant flow of metabolites and organelles must be delivered throughout the axon. Since conduction of nerve impulses is a major consumer of ATP, the transport, distribution, and function of axonal mitochondria are essential for axonal function (Hollenbeck and Saxton, 2005; Chan, 2006) . Axons contain two mitochondrial pools: a stationary pool and a motile pool. Seventy percent or more of axonal mitochondria are present at stationary sites, which can be composed of single or multiple mitochondria. Stationary mitochondrial sites are enriched in axonal areas with high ATP consumption such as growth cones and nodes of Ranvier (Fabricius et al., 1993; Morris and Hollenbeck, 1993) . Motile mitochondria are generally smaller than mitochondria at stationary sites and are transported throughout the axon in anterograde and retrograde directions (Hollenbeck and Saxton, 2005) .
In addition to its insulating role in increasing conduction velocity, myelin provides trophic support that is essential for longterm axonal survival . Loss or disruption of this extrinsic axonal support can result in axonal degeneration.
Axonal degeneration contributes to permanent neurological disability in primary diseases of myelin Trapp and Nave, 2008) . The mechanisms of axonal pathology and degeneration after demyelination or dysmyelination are not yet fully understood, but mitochondrial dysfunction is considered to play a key role (Smith et al., 1999; Dutta et al., 2006; Kalman et al., 2007) . Mitochondrial densities are increased in dysmyelinated optic nerve axons (Andrews et al., 2006; Hogan et al., 2009 ) and demyelinated lesions of human brain (Mahad et al., 2009; Witte et al., 2009) but are decreased in chronically demyelinated spinal cord axons from multiple sclerosis patients (Dutta et al., 2006) . Although current theories support altered mitochondrial function and distribution in the pathogenesis of primary myelin diseases (Trapp and Stys, 2009) , little is known about how myelination, demyelination, and remyelination alter axonal mitochondrial distribution and transport. Axonal degeneration after demyelination or as a result of dysmyelination is a chronic process taking months or years to develop . The initial axonal response to demyelination, therefore, reestablishes axonal function and is likely to include changes in mitochondrial distribution or behavior.
In this study, we examined how and to what extent demyelination affects axonal mitochondria. We report that the size of stationary mitochondrial sites and the transport speed of motile mitochondria are significantly increased in demyelinated dorsal root ganglion (DRG) axons. Furthermore, we show that neuronal expression of activating transcription factor 3 (ATF3), which is rapidly upregulated during axonal regeneration (Tsujino et al., 2000; Nakagomi et al., 2003) , is required for the demyelinationinduced increase in mitochondrial motility. Knockdown of ATF3 also increased nitrotyrosine immunoreactivity in axonal mito-chondria. These data support the hypothesis that the changes of motility and distribution of axonal mitochondria are essential adaptive/stress responses designed to maintain the function of demyelinated axons.
Materials and Methods
Myelinating DRG cultures. Rat DRG and Schwann cell mixed cultures were prepared using established methods (Fex Svenningsen et al., 2003) with modifications. Briefly, DRGs from embryonic day 16 Sprague Dawley rats (Harlan Laboratories) were extracted and collected in L15 medium, treated with 0.25% trypsin in L-15 (Sigma-Aldrich) at 37°C for 15 min, and then mechanically dissociated through a plastic Pasteur pipette until all large fragments disappeared. Dissociated cells were washed twice in cold L15 and resuspended in Neurobasal media (Invitrogen) containing 2% B27, 0.3% Glutamax (Invitrogen), 100 ng/ml nerve growth factor (Roche Diagnostics), and penicillin/streptomycin. Before cell plating, poly-D-lysine-coated glass-bottom culture dishes (MatTek) were coated by Matrigel (BD Biosciences). A total of 5 ϫ 10 4 cells was plated into the dishes. Five days after plating, 50 g/ml ascorbic acid was added to the medium to induce myelination; these cultures were maintained for 7-9 additional weeks. The medium was changed every 2-3 d. To induce demyelination, lysolecithin (L-4129; Sigma-Aldrich) was added to the culture medium at a concentration of 0.05% for 15 h at 37°C. After incubation, the lysolecithin-containing medium was removed and replaced with fresh medium.
All procedures were in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the Cleveland Clinic Foundation.
Immunocytochemistry. Cultures were fixed with 4% formaldehyde in PBS for 15 min, rinsed, permeabilized with 0.5% Triton X-100 in 2% bovine serum albumin (Sigma-Aldrich) and PBS for 45 min, and incubated with primary antibodies overnight. Primary antibodies included SMI-94 and SMI-99 (myelin basic protein) for myelin staining (Covance), SMI-31 (phosphorylated neurofilament) and SMI-32 (nonphosphorylated neurofilament) for axon staining (Covance), ATF3 (Santa Cruz Biotechnology), pan-Nav (Sigma-Aldrich), and nitrotyrosine (clone 1A6; Millipore). The cultures were subsequently rinsed and incubated with secondary antibodies conjugated to Alexa Fluor 488, 546, 594, or 633 (Invitrogen) , diluted 1:500 in 2% BSA. Immunostained cultures were analyzed by confocal microscopy (Leica SP5; Leica), and images were processed with Adobe Photoshop (Adobe) and NIH ImageJ. For counting ATF3-positive neurons, five random fields of each culture were imaged, and the number of positive and negative neurons was counted. For semiquantitative comparison of nitrotyrosine immunoreactivity, the gray values of fluorescence intensity were measured under the same immunostaining and observational conditions in at least 10 axons in five different fields for each group. Three independent experiments were examined for each condition.
Lentivirus preparation. Lentivirus was prepared according to the manufacturer's protocol from ViraPower Lentiviral Expression Systems (Invitrogen). Briefly, Mito-DsRed2 sequences followed by a mitochondrial targeting signal (Clontech) were amplified by PCR and subcloned into pLentiV5/6 lentiviral vector. 293FT cells were transfected with the construct and packaging plasmids using Lipofectamine 2000. The viral supernatants were collected 72 h after transfection, centrifuged at 2500 rpm for 10 min, filtered with 0.45 m PVDF (polyvinylidene difluoride) filters, aliquoted, and frozen at Ϫ80°C until use. Control nontarget short hairpin RNA (shRNA) (SHC002V) and ATF3 shRNA (TRCN0000082131; sequence: CCG-GTGCTGCCAAGTGTCGAAACAACTCGAGTTGTTTCGACACTT-GGCAGCATTTTTG) lentiviruses were purchased from Sigma-Aldrich. The results obtained with control shRNA were similar to those obtained with another shRNA (TRCN0000082130), which did not suppress ATF3 expression in our culture after demyelination. Viruses were applied to cultures using ϳ10 7 colony-forming units/ml and incubated for 24 h. Under these conditions, Ͼ90% of neurons were infected.
Imaging. Seven to 9 d after virus infection, culture dishes were transferred to a microincubator (PDMI-2; Medical System Corporation) attached to an inverted laser-scanning confocal microscope (TCS SP; Leica). The chamber temperature was kept at 37.0 Ϯ 0.5°C using a temperature controller Medical System Corporation) , and the cells were provided with constant gas flow (95% air, 5% CO 2 ) as described previously (Kumada et al., 2006) . DRG cultured cells were imaged using a 40ϫ oil-immersion objective (numerical aperture, 1.25). Time-lapse images of mitochondrial dynamics were collected in a single focal plane at 1024 ϫ 1024 pixel resolution every 6.8 s for a total of 201 images. The presence or absence of myelin and the location of nodes were evident from the transmitted light images and also confirmed by immunostaining for Na ϩ channels and myelin basic protein (MBP) in the same axons, as described above.
Electron microscopy. The DRG culture was fixed in 0.1 M phosphate buffer containing 4% paraformaldehyde and 1% glutaraldehyde overnight. The cultures were placed in 1% OsO 4 , dehydrated in a graded series of ethanol, and embedded in Epon 812 (Electron Microscopy Sciences). Ultrathin sections (ϳ100 nm thick) were cut, stained with uranyl acetate and lead citrate, and observed with a Philips CM100 transmission electron microscope.
Quantification of mitochondria. The time-lapse images were processed with ImageJ software, and kymographs were generated as described previously (Miller and Sheetz, 2004) . Stationary mitochondrial sites were identified as vertical lines on the kymographs. Motile mitochondria appeared as diagonal lines, and their slopes provided velocity. The size of stationary mitochondrial sites was measured as the pixel area labeled by DsRed2 at each stationary mitochondrial site and converted to square micrometer area. This value represented changes in both length and width of the DsRed2 fluorescence signal. The number of stationary mitochondrial sites per length of axon was also determined.
Statistical analysis. Statistical analysis was performed using SigmaStat (Aspire Software International). Data are presented as mean Ϯ SD. Comparisons were made using the Mann-Whitney U test for mitochondrial velocities and sizes of stationary mitochondrial sites and the Student's t test for percentage of ATF3-positive cells and nitrotyrosine immunoreactivity.
Results

Visualization of mitochondria in myelinated and demyelinated DRG axons
To investigate mitochondrial transport in myelinated axons, we established DRG cultures that attained robust myelination. To visualize mitochondrial distribution and transport, we constructed a mito-DsRed2 lentivirus carrying fluorescent DsRed2 with a mitochondrial targeting signal in the N terminus. The advantage of using lentivirus in this culture system is that it preferentially infects DRG neurons, but not myelinating Schwann cells. This characteristic enabled observation of mitochondria in living axons using confocal microscopy. Figure 1 A shows mitoDsRed2 distribution in a living axon of a DRG neuron 7 d after infection. To identify myelin internodes, we immunostained myelinated DsRed2-expressing DRG cultures for voltage-gated Na ϩ channels, which are enriched in nodes of Ranvier, and MBP, which is a marker of myelin ( Fig. 1 B) . The DsRed2-labeled mitochondria were present in both nodal and internodal regions. The axons analyzed contained multiple contiguous myelin internodes with few or no unmyelinated segments. In electron micrographs of myelinated axons from DRG cultures (Fig. 1C ), mitochondria were characteristically elongated, and two to three of these elongated mitochondria were often present at single sites (Fig. 1C, inset ). To examine changes in axonal mitochondria before and after demyelination, we treated myelinated DRG cultures with the demyelination-inducing reagent lysolecithin (Woodruff and Franklin, 1999; Birgbauer et al., 2004) . Because high concentrations of lysolecithin can also damage neurons and axons, we carefully optimized the concentration of lysolecithin to 0.5 mg/ml, as reported previously (Birgbauer et al., 2004) . Lyso-lecithin treatment induced demyelination such that myelin stained by MBP was highly vacuolated. Axons were spared ( Fig. 1 D-I , stained for neurofilament). These results show that this in vitro model is suitable for observing mitochondrial behavior in living myelinated and demyelinated axons.
Alterations of mitochondrial transport and distribution by demyelination
To observe mitochondrial motility and distribution in demyelinated axons, DRG cultures were subjected to lysolecithin treatment 7 d after lentivirus infection, and then time-lapse imaging of mitochondria in living axons was performed using confocal microscopy 48 h after the treatment. We selected this time point because lysolecithin demyelination requires this period of time to develop morphologically evident myelin disruption as described previously (Birgbauer et al., 2004) . Using this system, we observed the dynamics of DsRed2-labeled axonal mitochondria in myelinated ( Fig. 2 A, AЈ; supplemental Movie 1, available at www. jneurosci.org as supplemental material) and demyelinated axons ( Fig. 2B ,BЈ; supplemental Movie 2, available at www. jneurosci.org as supplemental material). Immunostaining for MBP after live imaging confirmed myelination of the observed axons in control cultures and demyelination in lysolecithin-treated cultures (data not shown). Not all of the vacuolated myelin debris was degraded in demyelinated cultures because of reduced numbers of phagocytic cells of monocyte origin in the cultures. Motile mitochondria and stationary mitochondrial sites were identified using kymographs, which represent two-dimensional images of stationary and motile mitochondria during the entire time-lapse sequence ( Fig. 2 AЈ,BЈ) . The vertical lines represent the stationary mitochondrial sites, whereas the oblique lines represent the motile mitochondria. The size and number of stationary mitochondrial sites and the velocity of mitochondria were measured in myelinated and demyelinated axons. In myelinated axons, sizes of stationary mitochondrial sites varied from Ͻ2 to Ͼ20 m 2 , with those Ͻ2 m 2 being the most abundant at ϳ36% (Fig. 2C ). The majority (Ͼ95%) of mitochondrial stationary sites ranged in size from Ͻ2 to 10 m 2 , and the mean size of the stationary sites was 3.7 m 2 (n ϭ 185 mitochondria). The number of stationary mitochondrial sites per 10 m axonal length was 1.2 Ϯ 0.5 (n ϭ 20 axons). In contrast, motile mitochondria appeared uniformly small (Ͻ2 m). Electron microscopy of myelinated axons from DRG cultures indicated that many of the stationary sites observed in live imaging consisted of multiple mitochondria (Fig. 1C) . The average velocity of the mitochondrial transport in myelinated axons was 0.6 Ϯ 0.1 m/s (n ϭ 24 axons) and did not differ significantly in the anterograde or retrograde direction (data not shown).
In demyelinated axons, the size of stationary mitochondrial sites was significantly increased compared with myelinated axons ( p Ͻ 0.01), as the mean size of the stationary sites was 8.1 m 2 (n ϭ 182 mitochondria, a 2.2-fold increase over the 3.7 m 2 in myelinated axons). The percentage of sites Ͻ2 m 2 in demyelinated axons was only ϳ18%, or approximately one-half of the percentage in myelinated axons (Fig. 2C) . Demyelination also resulted in greater percentages (12% compared with 0.5% in myelinated axons) of mitochondrial sites Ͼ20 m 2 in size (Fig. 2C ). Mitochondrial stationary sites of 10, 12, 14, and 16 m 2 in size were also more abundant in demyelinated axons when compared with myelinated axons. Despite this increase in size, the number of stationary mitochondrial sites per 10 m axonal length was identical in myelinated and demyelinated axons (1.2 Ϯ 0.4 per 10 m axon; n ϭ 21 axons), indicating that demyelination significantly increases total stationary mitochondrial size, but not the number of mitochondrial stationary sites. The velocity of motile mitochondria was also significantly greater in demyelinated axons ( p Ͻ 0.01), as the mean velocity increased from 0.6 Ϯ 0.1 m/s in myelinated axons to 0.9 Ϯ 0.3 m/s (n ϭ 20 axons) in demyelinated axons (47% increase). These results indicate that demyelination significantly increases the size of stationary mitochondria and the rate of motile mitochondrial transport, but importantly does not affect the distance between the stationary mitochondrial sites.
Lysolecithin does not alter mitochondrial stationary site sizes or transport velocities in unmyelinated axons
It is conceivable that the application of lysolecithin may directly affect axonal mitochondria. To address this issue, we generated DRG cultures as described above but did not add ascorbic acid to the medium to prevent myelination. After neuronal transfection of mito-DsRed2, we observed mitochondrial dynamics in unmyelinated axons with (Fig. 3 B, BЈ) or without (Fig. 3 A, AЈ) lysolecithin treatment. As shown in Figure 3C , the overall size of stationary mitochondrial sites is significantly smaller in unmyelinated axons compared with myelinated axons (Fig. 2C) . The mean size of unmyelinated axonal mitochondrial stationary sites was 1.6 m 2 (n ϭ 180 mitochondria). This value is 43% of the mean stationary site size on myelination (3.7 m 2 in myelinated axons), indicating that myelination produces a 2.3-fold increase in stationary site size. Mitochondria of Ͻ2 m 2 in size comprised ϳ70% of the total in unmyelinated axons (Fig. 3C ), compared with ϳ36% or less in the myelinated and demyelinated cultures (Fig. 2C) . In addition, mitochondria Ͼ6 m 2 in size were rare (Ͻ1%) in unmyelinated axons (Fig. 3C) , whereas the myelinated and demyelinated axons contained Ͼ14 and Ͼ30% of mitochondria Ͼ6 m 2 in size, respectively (Fig. 2C) . The observation of smaller stationary mitochondrial sizes in unmyelinated axons supports the hypothesis that myelination increases the volume of axonal mitochondria, although we cannot exclude some influence of neuronal maturation (Chang and Reynolds, 2006) . In contrast, the number of stationary mitochondrial sites per 10 m (1.0 Ϯ 0.4; n ϭ 20 axons) and the transport velocity of motile mitochondria in unmyelinated axons (0.6 Ϯ 0.2 m/s; n ϭ 24 axons) were not statistically different from those of myelinated axons. Interestingly, the application of lysolecithin did not alter the size or density of stationary mitochondrial sites or the transport velocity of motile mitochondria in unmyelinated axons, as none of these measures was significantly different in the lysolecithin-treated cultures compared with controls. In the unmyelinated axons treated with lysolecithin, the mean size of stationary sites was 1.9 m 2 , the number of stationary mitochondrial sites per 10 m was 1.1 Ϯ 0.4 (n ϭ 21 axons), and the mean velocity of motile mitochondria was 0.6 Ϯ 0.1 m/s (n ϭ 20 axons). These findings establish that the changes in axonal mitochondria after lysolecithin treatment of myelinated axons result from demyelination and not from direct effects of lysolecithin on axons, and that both myelination and demyelination increase the size of stationary mitochondria.
Reversal of demyelination-induced mitochondrial changes after remyelination
If the alterations in mitochondrial transport and distribution observed in our experiments described above were caused by demyelination, then mitochondria in remyelinated axons would be expected to revert back to their previous state before lysolecithin treatment. To investigate this possibility, we examined axonal mitochondria after remyelination. In our culture system, DRG axons are remyelinated within 15 d after lysolecithin treatment (Fig. 4 A) . We therefore performed time-lapse imaging at this time point. The size distribution of stationary mitochondrial sites in remyelinated axons (Fig. 4 B) was similar to that found in myelinated axons (Figs. 2 B, 4B ). This included a very similar percentage of small (Ͻ2 m 2 ) stationary mitochondrial sites in both conditions, as well as very similar percentages of larger (Ͼ10 m 2 ) stationary mitochondrial sites. The mean size of stationary sites was 4.7 m 2 (n ϭ 127 mitochondria). Furthermore, the transport rate of motile mitochondria, which was higher in demyelinated axons (0.9 Ϯ 0.3 m/s; n ϭ 20 axons) than in myelinated axons (0.6 Ϯ 0.1 m/s; n ϭ 24 axons), returned to 0.6 Ϯ 0.1 m/s (n ϭ 21 axons) after remyelination (Fig. 4C ). Myelinated and remyelinated axons have similarly sized stationary mitochondrial sites and transport velocities of motile mitochondria, supporting the concept that demyelination caused by lysolecithin treatment produced significant but reversible changes in mitochondrial dynamics.
Alteration of axonal mitochondria as a neuronal adaptive response
Because mitochondrial transport and distribution were significantly altered on demyelination and reverted back to the levels of myelinated axons after remyelination, the changes in mitochon- drial transport and distribution may reflect a neuronal adaptive response to maintain axonal functions during and after demyelination. To further investigate this possibility, we studied the neuronal expression of ATF3 in myelinated and demyelinated cultures. We focused on ATF3 because it is induced in regenerating neurons and is a key transcription factor in orchestrating a program of neuronal gene expression that contributes to neuronal cell survival (Campbell et al., 2005; Seijffers et al., 2007; Kiryu-Seo et al., 2008) . We first examined the expression of ATF3 in DRG neurons before and after demyelination. ATF3 was not detectable in myelinated DRG cultures, but was significantly induced in DRG neurons after demyelination (Fig. 5A) , as the number of ATF3-immunopositive neurons was significantly increased from 3 to 74% after demyelination (n ϭ 15 fields; p Ͻ 0.01). Interestingly, ATF3 was not detected in unmyelinated cultures before or after lysolecithin treatment (Fig. 5B) . These findings suggest that neurons induce an adaptive/stress response to demyelination that involves ATF3 expression.
We next investigated whether ATF3 expression was critical for increased axonal mitochondrial stationary site size and increased mitochondrial transport velocity after demyelination. To address these questions, we coinfected control shRNA or ATF3 shRNA lentivirus with mito-DsRed2 lentivirus and examined the distribution and transport rate of axonal mitochondria. ATF3 shRNA suppressed the expression of neuronal ATF3 after demyelination, as the number of ATF3-positive cells was 2% compared with 70% in demyelinated neurons infected with control shRNA. In myelinated (Fig. 5C ) and demyelinated axons (Fig. 5D ) extending from control shRNAand ATF3 shRNA-treated neurons, the size distribution of stationary mitochondrial sites was almost identical. However, after demyelination, axons extending from ATF3 shRNA-treated neurons did not show an increase in motile mitochondrial velocity, whereas axons extending from control shRNA-treated neurons in the demyelinated cultures showed a significant increase in transport rates of motile mitochondria compared with those in the myelinated cultures (Fig. 5E ). These data support an ATF3-mediated increase in axonal mitochondrial transport velocity after demyelination, but no ATF3 effect on the size of stationary mitochondria.
Although the distribution of stationary mitochondrial site size was not altered by the ATF3 knockdown, impairment of mitochondrial transport caused by suppressed ATF3 expression may still impact axonal mitochondrial function. Alterations in mitochondrial transport can effect mitochondrial stationary site biogenesis and degradation by altering fission/fusion (Miller and Sheetz, 2004; Twig et al., 2008) . To investigate the role of ATF3 in protecting demyelinated axons from oxidative damage, we compared the immunoreactivity of nitrotyrosine, a marker of oxidative stress (Beckman and Koppenol, 1996; Ischiropoulos, 1998) , in demyelinated cultures treated with ATF3 or control shRNA. Nitrotyrosine immunoreactivity was significantly increased ( p Ͻ 0.01) in the stationary mitochondrial sites of demyelinated axons after ATF3-shRNA treatment (54 Ϯ 31 U; n ϭ 54) compared with control-shRNA treatment (39 Ϯ 24 U; n ϭ 54) (Fig. 5F ). In contrast, nitrotyrosine immunoreactivity was similar in the soma of ATF3 shRNA-and control shRNA-treated groups (data not shown). The induction of ATF3, therefore, ameliorates the accumulation of reactive oxidative species in axonal mitochondria, thereby supporting continued mitochondrial function in demyelinated axons.
Discussion
The present study investigated how and to what extent myelination and demyelination affect the distribution and transport of axonal mitochondria. The most striking finding from these experiments is that the size of axonal stationary mitochondrial sites was significantly increased by both myelination (2.3-fold) and demyelination (2.2-fold), without affecting the overall number of sites. Demyelination also increased the transport velocity of motile mitochondria. After remyelination, axonal mitochondrial stationary sites and transport velocity were similar to those in myelinated axons. Demyelination also induced a significant increase in neuronal expression of the stress-induced transcription factor ATF3. Inhibition of neuronal ATF3 expression abolished the demyelination-induced increase in mitochondrial transport velocity, but not the size of stationary mitochondrial sites. After ATF3 knockdown, nitrotyrosine immunoreactivity, a measure reflective of oxidative stress, was also significantly increased in axonal mitochondrial stationary sites. Collectively, these results establish that myelination, demyelination, and remyelination modulate axonal stationary mitochondrial site size and thereby help balance axonal ATP production and axonal energy requirements. This is the first report to investigate mitochondrial dynamics and motility in live myelinated and demyelinated axons. Lentivirus delivery of Mito-DsRed2 exclusively and intensely labeled mitochondria in DRG neurons. Therefore, mitochondrial transport and distribution in individual living myelinated axons could be reliably investigated. Immunocytochemical staining of cul- tures immediately after live imaging confirmed the presence or absence of myelin. Myelination was extensive in our DRG cultures and voltage-gated Na ϩ channels were concentrated at nodes of Ranvier. Thus, we are confident that mitochondrial dynamics were reliably and reproducibly investigated in unmyelinated, myelinated, demyelinated, and remyelinated axons. Increased mitochondrial density has been reported in electron micrographs of demyelinated and dysmyelinated axons in vivo (Griffiths et al., 1998; Mutsaers and Carroll, 1998; Andrews et al., 2006; Hogan et al., 2009) , and our data are consistent with these observations. We extend these studies by establishing that the increased mitochondrial density is attributable to an increase in the size of stationary mitochondrial sites. In addition, mitochondrial density has been previously shown to decrease during remyelination of optic nerves (Mutsaers and Carroll, 1998) , consistent with DRG axons in the present study. The rates of mitochondrial transport measured in the present study (0.6 -1.0 m/s) are also within the range of velocities reported previously Hollenbeck, 1993, 1995; Miller and Sheetz, 2004) . Demyelination increases axonal mitochondrial volume in vivo and in vitro, and our data indicate that this increase is attributable to an increase in the size of stationary mitochondrial sites. The number of mitochondrial stationary sites was similar in unmyelinated, myelinated, demyelinated, and remyelinated DRG axons in vitro.
How could increases in mitochondrial stationary site size and bulk transport of axonal mitochondria benefit demyelinated axons? Axonal mitochondria have limited life spans that are regulated in part by their overall activity. Newly synthesized mitochondria are generated in the neuronal cell body, transported down the axon, and delivered to stationary sites, where they fuse with stationary mitochondria. Dysfunctional mitochondrial segments are removed from stationary mitochondria through a process called fission (Twig et al., 2008) and then transported to the neuronal perikarya, where they are degraded. Axonal conduction/depolarization depends on activation of voltage-gated Na ϩ channels in an energy-independent manner. The axolemma must be rapidly repolarized by axolemmal-enriched Na ϩ /K ϩ ATPases, which exchange axonal Na ϩ for extracellular K ϩ in an energy-dependent manner. Therefore, by concentrating voltagegated Na ϩ channels in the nodal axolemma, myelin increases the speed of nerve conduction and conserves energy. After demyelination, Na ϩ channels become diffusely distributed along the demyelinated axolemma (Craner et al., 2004) . This restores nerve conduction, but at the expense of increased ATP consumption to drive the Na ϩ /K ϩ ATPases. It is not surprising, therefore, that increases in axonal mitochondrial size and motility parallel the increased energy demands of nerve conduction after demyelination.
Myelin and myelin-forming cells provide trophic support to axons, and this support can be regulated at the level of individual internodes (for review, see Nave and Trapp, 2008) . Key and interrelated aspects of this regulation include increased axoplasmic Ca 2ϩ and posttranslational modifications of axoplasmic proteins. Focal inhibition of axonal mitochondrial movement can increase the size of stationary mitochondria (Morris and Hollenbeck, 1993; Chada and Hollenbeck, 2004 ). As described above, demyelination increases axoplasmic Ca 2ϩ as a result of insufficient ATP production at stationary sites and altered ion channel dysfunc- tion. Elevated axoplasmic Ca 2ϩ , therefore, would increase at or near stationary mitochondria. When elevated, axoplasmic Ca 2ϩ binds to the EF hands of Miro, a protein involved in bridging the outer mitochondrial membrane and the mitochondria motor protein kinesin. Ca 2ϩ binding to the EF-hand motifs of Miro inactivates kinesin and halts mitochondrial movement at stationary sites but does not affect bulk microtubule-mediated mitochondrial transport (Saotome et al., 2008; Wang and Schwarz, 2009 ). Myelination (Brady et al., 1999) and demyelination (Trapp et al., 1998 ) also alter the phosphorylation state of axonal proteins. Although protein phosphorylation can regulate axonal transport and mitochondrial fusion/fission, future studies will be required to delineate how such changes modulate mitochondrial dynamics in demyelinated axons.
In addition to local axonal changes, our data indicate that neuronal gene expression increases the rate of bulk mitochondrial transport in demyelinated axons. The role of neuronal gene expression after demyelination is supported by the induction of The sizes of stationary mitochondria are similar in control-and ATF3-shRNA treated cultures (n ϭ 139 mitochondria for control-shRNA without lysolecithin, 147 for ATF3-shRNA without lysolecithin, 181 for control-shRNA with lysolecithin, and 180 for ATF3-shRNA with lysolecithin). E, Mean velocity of motile mitochondria in control shRNA-and ATF3 shRNA-treated axons. After demyelination, the increase in mitochondrial transport velocity was still observed under control-shRNA treatment but abolished under ATF3-shRNA treatment (n ϭ 10 axons for control-shRNA without lysolecithin, 20 for ATF3-shRNA without lysolecithin, 11 for control-shRNA with lysolecithin, and 21 for ATF3-shRNA with lysolecithin; *p Ͻ 0.01). Error bars indicate SD. F, Immunostaining for nitrotyrosine (Nitro; green) in the demyelinated axons of DRG neurons infected with mito-DsRed (red) and treated with lysolecithin [Lyso(ϩ)]. The neurons were also treated with control-or ATF3-shRNA. Immunoreactivity of nitrotyrosine in mitochondria was increased in ATF3 shRNA-treated DRG axons (arrowheads). Scale bars: A, B, 20 m; F, 5 m.
the transcription factor ATF3 in neuronal cell bodies. ATF3 is a stress response gene that facilitates axonal regeneration and survival (Nakagomi et al., 2003; Seijffers et al., 2007; Kiryu-Seo et al., 2008) . Knockdown of ATF3 expression by shRNA eliminated the demyelination-induced increase in bulk axonal mitochondrial transport. The induction of ATF3 supports an axonally initiated/ derived signal that is transported to the neuronal cell body. In this regard, ATF3 expression is modulated by retrograde axonal transport of JNK (c-Jun N-terminal kinase) (Lindwall et al., 2004; Lindwall and Kanje, 2005) . Axonally derived signaling pathways can also be initiated by neurotrophins and the myelin proteins, NOGO, MAG (myelin-associated glycoprotein), and oligodendrocyte-myelin glycoprotein, and involve activation of cAMP and protein kinase A (Filbin, 2003; Hannila and Filbin, 2008) . Similar pathways and additional transcription factors may be modulated after demyelination.
Do the described changes in gene expression have an effect on demyelinated axons? Inhibiting the induction of ATF3 after demyelination with shRNA produced a significant increase in nitrotyrosine labeling of mitochondria in demyelinated axons. Nitrotyrosine, produced by the reaction between nitric oxide (NO) and superoxide, is widely used as a marker for oxidative damage to mitochondrial proteins. Inducible NO synthase, a key enzyme for NO production, is increased in demyelinating environments (Bö et al., 1994; Beckman and Koppenol, 1996) . Mitochondrial functions are directly inhibited by NO and by oxidative modifications of mitochondrial proteins (Beckman and Koppenol, 1996; Smith et al., 1999; Smith and Lassmann, 2002) . Oxidative damage to axonal mitochondria has been implicated in the pathogenesis of neurodegenerative diseases, including primary myelin diseases (Gilgun-Sherki et al., 2004; Lin and Beal, 2006; Kalman et al., 2007) . Inhibition of mitochondrial translocation to degradative/lysosomal compartments also results in the accumulation of mitochondrial oxidative damage markers, including nitrotyrosine (Twig et al., 2008) . Our data indicate that the ATF3-induced increase in bulk axonal transport helps maintain stationary mitochondrial function upon demyelination and thereby contributes to increased ATP production after demyelination.
Stationary mitochondrial sites are stable axonal structures in myelinated, demyelinated, and remyelinated axons, as their number per unit length of axon did not vary. Their size, however, is dynamically increased by myelination and demyelination and is significantly decreased by remyelination. By adjusting the size of stationary mitochondrial sites, axons dynamically regulate ATP production to meet the energy demands of nerve conduction.
